upper motor neuron (UMN) and lower motor neuron (LMN) degeneration, although ALS patients can present with features predominantly of one or the other. Some UMN-predominant patients show hyperintense signal along the intracranial corticospinal tract (CST) on T2 and PDweighted images (ALS-CST+), and appear to have faster disease progression when compared to those without CST hyperintensity (ALS-CST-). The reason for this is unknown. We hypothesized that diffusion tensor tractography (DTT) would reveal differences in DTI abnormalities along the intracranial CST between these two patient subgroups. Clinical DTI scans were obtained at 1.5 T in 14 neurologic controls and 45 ALS patients categorized into two UMN phenotypes based on clinical measures and MRI. DTT was used to quantitatively assess the CST in control and ALS groups.
Current delay to diagnosis is approximately 12 months from onset of symptoms and only 60% of cases are diagnosed correctly on their initial evaluation (1) .Current ALS diagnosis is based on clinical signs and symptoms and by excluding conditions that mimic ALS (1) . According to the revised El Escorial criteria (2) , ALS diagnosis is based on the presence of both upper motor neuron (UMN) and lower motor neuron (LMN) signs which cannot be explained by other causes. 
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A C C E P T E D M A N U S C R I P T 7 significantly younger (1, 5) , have faster disease progression rate (5) and shorter survival period (5) compared to those without CST hyperintensity. The reason for this discrepancy is unclear and the underlying pathologic substrate causing these changes is unknown.
Most previous MRI brain studies in ALS have identified such CST hyperintensity qualitatively (i.e. relying on visual evaluation) using conventional MRI (cMRI) such as T2-weighted, proton density-weighted and FLAIR-weighted images (1, 3, 6) , which is prone to error and does not provide quantitative evidence of underlying neuronal changes causing the signal change.
Diffusion tensor imaging (DTI) quantifies the directional movement of water molecules at the microscopic level, which is not feasible with cMRI. Therefore, DTI has been used to noninvasively evaluate pathophysiological changes in the CNS of patients with various neurodegenerative diseases, including ALS (7) . An elegant feature of DTI is its ability to reconstruct virtual neural fiber tracts ("tractography"), which is not possible with cMRI techniques.
We objectively identified virtual CST fibers with diffusion tensor tractography (DTT) to determine non-invasively and visually if ALS patients could be distinguished from neurologic controls as well as from each other, depending on the presence or absence of CST hyperintensity identified by cMRI. We hypothesized that the qualitative presence or absence of CST 
METHOD

Patient demographics
Data Acquisition
DTI data obtained as part of clinical neuroimaging evaluation were approved by the Institutional Review Board at Cleveland Clinic to be stored and analyzed as de-identified images after patients provided verbal consent. DTI data were obtained in 14 neurological controls (with non ALS-mimic diagnoses indicated in Supplementary Table 1 Table 1 .
Imagingprotocol
Diffusion TensorImaging Protocol
DTI data were acquired on a 1.5T magnet (Siemens Symphony, Erlangen, Germany) using single shot echo planar imaging (SS-EPI) sequence along 12 diffusion weighted (b = 1000 s/mm 2 )
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A C C E P T E D M A N U S C R I P T 9 directions and one b = 0 s/mm 2 . Imaging parameters were: 30 slices, 4-mm thick, with 1.9×1.9 mm in-plane resolution; pulse sequence parameters were: repetition time TR = 6000 ms, echo time TE = 121 ms, EPI factor = 128, and scan time = 7.54 minutes.
Fieldmap Imaging Protocol
Gradient-echo field maps were acquired to correct for geometrical distortion caused by susceptibility artifacts. Field map imaging parameters were: number of slices = 30, slice thickness = 4 mm, slice gap = 4 mm, TR=500 ms, TEs = 6.11ms and 10.87 ms.
T2 and PD-weighted Imaging Protocol
CST hyperintensity was assessed using T2-and PD-weighted images obtained using dual-echo fast spin echo (FSE) sequence whose imaging parameters were: 40 contiguous slices, slice thickness = 4 mm, in-plane resolution = 0.9×0.9 mm; TR = 3900 ms, TEs = 26 ms and 104 ms, total scan time = 3.5 minutes.
Data processing
DTI images were first corrected for susceptibility artifacts using FSL's FUGUE (8-10) and then for eddy current distortion effects. The b-matrix was rotated in order to preserve correct orientation information (11, 12). These images were then processed using DTI Studio open software (https://www.nitrc.org/projects/mri_studio/) and DTT of CST was performed in the
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A N U S C R I P T 10 following manner (13) . Virtual neural fibers were reconstructed using the fiber assignment by continuous tracking (FACT) algorithm described in detail elsewhere (13) . Fiber tracking parameters were initiated from every voxel (14) with FA = 0, threshold for termination at 0.2, and track turning angle of 41 o . After the above preliminary processing steps, CST fiber tracts on both sides were reconstructed after Wakana et al (14) by placing a region of interest (ROI) first caudally in the cerebral peduncle and second rostrally just beneath the primary motor cortex (PMC), as previously described (15) .
DTT and Clinical measures
For the purposes of this tractography study, virtual CST fibers are 'truncated' when they are absent in the immediate subcortical white matter region of one or both hemispheres, extending only between the upper level of the lateral ventricles and brainstem (tracts in red shown in Figure   1b ). We quantified truncation by measuring average virtual CST fiber length (in each of left and right hemispheres) in ALS patient groups and controls. Average CST fiber length represents the mean length of all fibers in the entire CST bundle, as reconstructed in each subject; please refer to the manual of DTI studio software for more details. To measure average CST fiber length in ALS patients, we grouped them by presence or absence of virtual tract truncation, thereby pooling ALS-CST+ and ALS-CST-patient groups. SPSS 16.0 was used for statistical comparisons of measures between control and patient groups, and among ALS subgroups.
Frequency of CST truncation between ALS-CST+ and ALS-CST-groups was tested using
Fisher's Exact Test. One-way ANOVA was used to compare CST fiber length between control,
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ALS-CST+ and ALS-CST-groups. T-test was used to compare average CST fiber length between ALS patients showing truncation and no truncation.
We measured fractional anisotropy (FA) along virtual CST fibers in ALS-CST+ and ALS-CSTpatients using the ROI approach to compare with DTT-derived findings. Susumu Mori et al (16) created a CST fiber tract probability atlas template using DTI data of healthy controls. Because this CST atlas is in MNI space, we registered all our subjects' data to this atlas using FSL's linear and non-linear registration tools. The CST atlas was brought to subject's space to identify ROIs at four levels along the CST, namely, cerebral peduncle (CP), posterior limb of the internal capsule (PLIC), centrum semiovale at top of lateral ventricle(CSoLV), and subcortical to primary motor cortex (subPMC) in each of the controls and ALS patients. After FAvalues were measured in each of these ROIs, one-way ANOVA was used to compare them between control and ALS patient groups. Disease duration, ALSFRS-R score, and disease progression rate were compared between ALS subgroups and also between patients with CST truncation and those without truncation using appropriate statistical models. Clinical and DTT measures were correlated using Spearman's correlation.
RESULTS
Tractography
When reconstructing virtual subPMC CST fibers by tractography, we observed their absence or "truncation" between the CSoLV level and PrG (or primary motor cortex, PMC) in some patients
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from both UMN-predominant ALS subgroups. Truncation was detected primarily in the ALS-CST+ subgroup (9 of 21, 42.8%;) and less frequently in the ALS-CST-subgroup (4 of 24, 16.6%; p=0.049). Of note, CST was not truncated in any control subjects. The frequency of CST truncation in the ALS group as a whole (both ALS-CST+ and ALS-CST-combined) was significantly (p=0.018) higher than in the control group. Figure 1 shows virtual CST fibers extending between motor cortex and subcortical white matter in a typical control subject but not in an ALS patient because of truncation. Compared with ALS patients showing no CST truncation, those with truncation tended to be younger (p=0.05), had significantly shorter disease duration (p=0.001) and a faster rate of disease progression (p=0.001) ( Table 1) .
One-way ANOVA showed no significant differences in virtual CST fiber length between controls and ALS patients (F=1.064, p=0.352). Of note, average CST length in the right hemisphere was significantly shorter in the ALS CST truncated group (mean=60.7 mm) compared to ALS patients without truncation (mean=76.3 mm, p=0.001). In the left hemisphere, however, no significant difference in CST length was observed between ALS patients with or without CST truncation. Table 2 gives average CST fiber length for controls and ALS patients.
We also investigated whether truncation of virtual tracts affected nonmotor tracts connecting the PoG (or primary sensory cortex, PSC) with subcortical white matter. Most of these fibers should be afferents to the cortex and therefore relatively spared from cortical motor neuron degeneration. After reconstructing these tracts by placing the second ROI over the PSC, we found they were much less frequently truncated than motor CST fibers ( Figure 2 ). In fact, Because scans from all subject groups were obtained and processed in the same way, methodological differences would not be expected to explain these observed differences. We systematically investigated potential influence of image acquisition and processing techniques on CST truncation, and provide details in the Supplementary Material.
The ROI approach to analysis (using CST atlas) showed that FA values along the left hemisphere virtual CST tract were significantly different (p<0.05) between controls and ALS-CST+ patients only at PLIC level, but not at CSoLV or subPMC levels. Also, no significant (p>0.05) differences in FA values were observed between ALS subgroups or between control and ALS-CST-groups in any of the ROIs. In addition, we also compared FA values between ALS patients with CST truncation and those without in all the four ROIs mentioned above. T-test found no significant differences in FA values of any ROIs in either left or right hemisphere CST between these patient groups.
Clinical Measures
No significant (p>0.05) correlations were observed between CST fiber length (right and left hemisphere virtual fibers analyzed separately), and symptom duration, disease progression rate, or ALSFRS-R score in both CST-truncated and -nontruncated ALS groups. Symptom duration was significantly (p<0.001) shorter in the ALS-CST+ subgroup than in theALS-CST-subgroup.
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A C C E P T E D M A N U S C R I P T 14 Of note, patients in the ALS-CST+ subgroup had significantly (p=0.001) faster disease progression than those in ALS-CST-subgroup at the time of MRI. Also, the ALS-CST+ subgroup tended to be younger (p=0.05) when compared to the ALS-CST-subgroup.
DISCUSSION
This study demonstrates that virtual fibers in the subcortical white matter appear disrupted ("truncated"): 1) in the descending CST of patients with ALS compared to neurologic controls;
2) if connecting with the PrG (or PMC), and not with PoG (or PSC), the former presumably representing descending motor CST fibers and the latter representing ascending sensory afferents; 3) significantly more frequently in the CST of UMN-predominant ALS patients with CST hyperintensity (42.8%) compared to those without (16.6 %); 4) in ALS patients with significantly faster disease progression rate and shorter disease duration.
Descending motor pathways in the CST are primarily implicated in ALS while ascending sensory pathways are not. Presently, no quantitative biomarker is available to assess UMN CST changes. We show here for the first time that DTT detects virtual motor CST fiber disruption in UMN-predominant ALS patients compared to controls, while nearby presumably ascending sensory tracts are spared. CST truncation does not occur in any of the control subjects studied at 1.5T (n=12) and at 3T (n=14) (see supplementary material for details). Our DTT findings of virtual motor fiber disruption between only PrG and centrum semiovale in these UMNpredominant ALS patients indicate that CST fibers are more often affected rostrally than caudally, i.e. closer to the motor neuron cell body. This is in contrast to more distal fibers at the Previous studies in ALS reported reduction in FA values especially in the PLIC level in ALS compared to controls (7, (17) (18) (19) (20) (21) using ROI identification. None of these studies reported CST fiber loss in ALS, which may be due to the limitation of the ROI approach. Furthermore, ROI identification used in previous studies (18) (19) (20) (21) was limited to certain CST levels and DTI metrics were mainly used. We did not observe any significant differences in FA values between controls and ALS patients and among the ALS subgroups in CSoLV and subPMC using the ROI approach. In addition, we did not observe any significant differences in FA values in any of the four ROIs along CST virtual fiber tracts between ALS patients with and without CST truncation.
ACCEPTED MANUSCRIPT
In contrast, DTT revealed significant differences of CST truncation and CST fiber length between ALS patients with and without CST truncation. Our results suggest that DTT is more likely to detect CST damage anywhere along its entire length compared to DTI metrics of specific levels using an ROI approach.
Our DTT finding of subcortical fiber truncation in patients arising from the PMC and not those connecting with the PSC suggests specificity of this finding to motor pathways. Whatever pathophysiologic process causes truncation, it appears to be fiber-type specific. This is in keeping with relative sparing of the sensory system in ALS with <15% of ALS patients reporting sensory symptoms (22, 23). In fact, only one individual from each ALS subgroup displayed truncation along virtual sensory tracts connecting with the PSC. In addition to the above-
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16 mentioned DTT differences between CST (motor) and non-CST (sensory) fibers, significant differences existed in CST virtual fiber integrity between ALS-CST+ and ALS-CST-subgroups.
A prominent CST truncation effect (42.8%) was observed in ALS-CST+ patients compared to ALS-CST-(16.6%) patients. This observation provides further imaging evidence of a structural difference between these subgroups, which may result from divergent pathologies affecting CST fibers. DTT differences between ALS-CST+ and ALS-CST-subgroups are supplemented by observed clinical findings of significantly shorter symptomduration and faster disease progression rate in the former compared to latter patient subgroups. Importantly, the differential involvement of motor but not sensory fibers, truncation occurring more frequently in one ALS phenotype than others and no truncation in controls all suggest that virtual CST interruption/truncation is specific to fiber-and disease-type. It is unclear why patients in the ALS-CST+ subgroup have significantly shorter disease duration and faster disease progression rate when compared to ALS-CST-patient subgroup. Furthermore, ALS patients with CST hyperintensity have shorter survival period on average (3.5 years) compared to those with hypointensity of the primary motor cortex (7 years) (5) . Does the occurrence of CST hyperintensity with faster disease progression and shorter disease duration in the ALS-CST+ patient subgroup correspond to different pathophysiological mechanisms of disease from those in the ALS-CST-patient subgroup? Our findings show that truncation of virtual motor CST fibers correlates significantly with disease duration and progression rate. Although this suggests the underlying process causing CST fiber truncation is associated with faster disease progression in such patients, a causative role cannot be implied.
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Many neuroimaging studies that evaluated CST hyperintensities in UMN-predominant ALS patients using T2-, PD-and FLAIR-weighted MRI (3, 6) showed inconsistent findings probably due to their qualitative nature and study of varied and individual CST levels (e.g. subjacent to precentral gyrus, in centrum semiovale, etc.). They speculated that the hyperintense signal along the CST was due to the cellular changes of neuronal degeneration. One radiologic-pathologic study reporting CST degeneration examined only the posterior limb of the internal capsule (24). 
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A N U S C R I P T 18 We found the average CST bundle length to be significantly shorter in the right hemisphere of ALS patients with CST truncation compared to those without. This concurs with our observation that CST truncation in 17 of 18 ALS patients (from both ALS-CST+ and ALS-CST-groups) occurred in the right hemisphere, and in only 4 of 18 patients in the left hemisphere. We suspect this small sample size prevented detecting a significant difference in average CST bundle length in the left hemisphere of ALS patients with CST truncation compared to those without.
In our experience, we found DTT to be the preferred approach to study DTI metrics over manually tracing the ROI because DTT: (1) provides more accurate identification of the CST, (2) is highly reproducible and (3) is less time intensive. In addition, DTT can delineate different neural fiber types, which an ROI approach cannot do. For example, DTT could differentiate descending motor CST fibers (presumably arising from the PrG) from ascending sensory fibers (presumably arising from the PoG),whereas an ROI approach could not because motor and sensory fibers intermingle in subcortical regions. Nonetheless, CST truncation in ALS patients indirectly reflects a reduction of FA values by revealing decreased virtual nerve fiber integrity.
Specifically, the tractography algorithm is based on FA values which dictate the starting and stopping of fiber tracking; we assigned FA=0.2 threshold to stop fiber tracking and avoid reconstructing tracts in grey matter regions (FA for grey matter is <0.2). Therefore, absence of virtual tract formation (i.e., truncation) in these CST regions indicates FA<0.2, which in white matter of ALS patients represents reduced virtual fiber tract integrity.
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A N U S C R I P T 19 We examined whether CST truncation could have been artefactual because of poor quality DTI data, i.e., low signal-to-noise ratio (SNR), low resolution, anisotropic voxels, or from the tractography reconstruction algorithm used. These factors were evaluated using a 3T MRI DTI dataset of different ALS patients (see supplementary material for details), whose images had utilized isotropic voxel dimensions and higher SNR. Similar to our 1.5T findings, CST truncation was observed in only ALS patients and not in controls scanned at 3T. Therefore, the consistent observation of CST truncation only in ALS patients and not in controls at both magnet strengths indicates that scan quality at 1.5T, including resolution, anisotropic voxel dimension and SNR does not appear to cause CST truncation.To determine whether the deterministic tracking algorithm used here contributed to truncation, we re-analyzed the data with a probabilistic tractography algorithm that takes into account the uncertainty of tensor model fit and can extend through lesions. However, CST truncation persisted in the same patients even when probabilistic tracking was used, demonstrating its independence from the fiber-tracking algorithm used. Therefore, these tests demonstrated that acquisition protocols and image processing algorithms did not lead to CST truncation.
In summary, the correlation of virtual CST fiber truncation with shorter disease duration and faster disease progression rate in some ALS patients suggests that DTT can be used to distinguish between patient subgroups and possibly identify a more severe pathologic process. In 
